Condensation in a capillary groove is investigated using the volume of uid ( VOF) model. The governing equat ions are written in a generalized form and are applicable to bot h liquid and vapor phases. Condensation on the n top and at the meniscus is modeled by introducing addit ional source terms in the cont inuity, VOF, and energy equations. The effects of temperature drop, contact angle, surface tension, and n thickness on the condensation heat transfer are also investigated.
INTROD UCTION
Vapor condensation in capillary grooves, pores, and slots is very important for many two-phase devices such as heat pipes, condensers, and so on. The vapor condenses because the solid wall temperature is below the vapor saturation temperature. Heat transfer during condensation from the liquid^vapor meniscus in these structures is very important for predicting performance of two-phase devices. Khrustalev and Faghri [1] analyzed heat transfer of a microheat pipe with triangular cross section. At the condenser section of the heat pipe, liquid resides in the corner of the triangular cross section because of capillary pressure. The vapor condenses at these inner surfaces of the triangle, and the condensate is sucked into the corner of the triangle. The thickness of the ¢lm was described using an ordinary differential equation proposed by Kamotani [2] together with an assumption of polynomial ¢lm thickness variation. Khrustalev and Faghri [3] investigated heat transfer during evaporation and condensation on capillary grooved structures of heat pipes. Effects of disjoining pressure and interfacial thermal resistance on the ¢lm condensation on the ¢n top surface were taken into account in their model. Their numerical results indicated that the effect of interfacial thermal resistance is negligible because the ¢lm thickness is comparatively large. The vapor was assumed to be saturated and the effect of vapor superheat on condensation was not taken into account. In addition, heat transfer in the liquid residing in the grooves was modeled as purely a conduction problem by Khrustalev and Faghri [1, 3] . Khrustalev and Faghri [4] investigated £uid £ow effects on evaporation from the liquid^vapor meniscus. Heat conduction in the solid wall was neglected based on the argument that the thermal conductivity of the solid wall is much higher than that of working £uid. They concluded that £uid £ow can be very important when the temperature difference is large.
Numerical simulation for two-phase devices, such as heat pipes, has advanced signi¢cantly during the past decade [5, 6] . In a conventional heat pipe, evaporation and condensation take place at the interface between the vapor core and the wick. In this case the location of the liquid^vapor interface is known a priori and the boundary condition at the interface can be easily speci¢ed. For condensation in a grooved structure, the location of the liquid^vapor interface is unknown >a priori since it is part of the solution. The numerical method applied in heat pipe simulation is not applicable to predict condensation on a capillary grooved structure. The VOF [7, 8] appeared to bde a good candidate because it can be used to determine the location of the interface. The VOF method has been used to simulate a wide range of problems, including vaporization in laser drilling processes [9, 10] , solidi¢cation in continuous casting [11] , and bubble growth in boiling [12, 13] .
The objective of this study is to investigate condensation at the liquid vapor meniscus in a capillary grooved structure. The successful solution of the problem requires the numerical solutions of the following: (1) ¢lm condensation on the ¢n top; (2) condensation at the liquid^vapor meniscus; and (3) £uid £ow in the capillary groove. The effects of cooling temperature, contact angle, surface tension, and ¢n geometry on the condensation will be investigated also. 
NOM ENCLATUR E

P HYSICAL M OD EL
The condensation of the vapor at the liquid^vapor meniscus interface is shown in Figure 1 . It can be considered as a capillary groove or pore structure in the condenser. Tto solve the problem, the following assumptions are made:
1. Because the width of the groove is very small, the effect of gravity can be neglected because of surface tension dominance. 2. The number of the grooves is large enough so that symmetry conditions are applicable at the left and right side of the domain [14] . 3. The temperature in the ¢n is uniformly equal to the cooling temperature, T w . This assumption is justi¢ed because the thermal conductivity of the ¢n is several hundred times higher than that of the liquid working £uid [3, 4] . 4. The liquid and vapor £ow are laminar and incompressible. 5. The thermal properties of liquid and vapor are constants with temperature.
Governing Equations
Since heat transfer and £uid £ow is a symmetric problem, only half of the groove needs to be investigated. To simplify the solution procedure, one set of the governing equations is written for both the liquid and vapor regions. The time and total volume averaged continuity and momentum equations are
where F x and F y are the components of the body force resulting from surface tension at the interface and will be described later. The £uid properties are de¢ned as where m represents the mass production rate of condensation. 
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Equation (6) can be rewritten as
Similarly, the volume fraction of vapor, e v which is de¢ned to be equal to 1 e , satis¢es the following equation:
Substituting Eq. (4) into Eq. (1) and considering eq. (6), the continuity equation is simpli¢ed to
Substituting Eq. (9) into Eq. (7) and obtaining the VOF equation, we have
The thermal conductivity and speci¢c heat can be de¢ned using a similar method by which density is de¢ned
The speci¢c heat is de¢ned using the weight fraction of liquid and vapor:
The total enthalpy is de¢ned as
The two terms in the right-hand side of Eq. (13a) represent contributions of sensible enthalpy, h and latent heat, DH to the total enthalpy
The total enthalpy de¢ned in Eq. (13) 
Boundary C onditions
The temperature at the bottom of the groove is constant T T 0 y 0 21 The temperature in the ¢n is uniformly equal to the temperature at the bottom of the groove
The velocity at the bottom of the groove satis¢es
The boundary conditions at the top of the computational domain are
T T y t g t v 25
u 0 y t g t v 26
v v y t g t v 27
where v is the vapor inlet velocity and its value depends on the amount of vapor condensed at the ¢n top and the meniscus.
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The left and right boundaries of the domain (x 0 L 1 W ) satisfy the symmetric boundary condition, u 0 v x 0 and T x 0
Consideration of Liquid± Vapor Interface
The conservation of normal and tangential momentum for the control volumes at the solid-liquid interface is automatically satis¢ed because the governing equations were written for the entire computational domain, including liquid and vapor. The effect of surface tension on pressure is modeled using the continuous surface model. The model interprets surface tension as a continuous 3-D effect across the interface, rather than a boundary condition on the interface [15] . Forces because of the pressure jump at the interface can be expressed as volume force using the divergence theorem
where curvature of the interface, K is given by [15] K 1 n n n n n 29
The normal direction of the liquid -vapor interface toward the vapor phase is n. The body force, F, obtained by Eq. (28) is substituted into the momentum equations (2)^(3) to solve for the velocities in the liquid and vapor phases.
Liquid and vapor temperature are continuous at the interface. At the liquid^vapor interface, the temperature should be equal to the saturation temperature:
The sensible enthalpy corresponding to the above interface temperature is
where T is the reference temperature of enthalpy.
The energy balance at the liquid^vapor interface also needs to be satis¢ed. Because liquid and vapor regions are treated as one domain, the energy balance at the liquid^vapor interface is satis¢ed when the converged solution for the entire domain is obtained.
NUM ER IC AL SOLUTION
In the numerical simulation, the interfacial temperature and enthalpy are set to the values speci¢ed in Eqs. (30)^(31). The source term, S DH that satis¢es Eqs. (30)^(31) is determined using Eq. (16) . Once the source term in the energy equation is determined, the condensation rate at the liquid^vapor interface can be determined using Eq. (20). Here, only the steady state solution of the condensation problem is investigated. It is impossible to solve the steady state problem directly, because the donor-acceptor model used in the VOF method works only for unsteady state problems. A false transient method [16] is employed. With this methodology, the false transient terms are included in the governing equations and steady state is obtained when the condensation length does not vary with the false time. The overall numerical solution procedure for a particular time step is outlined below:
1. Assume a value for the mass production rate, m , and compute the source term for the VOF equation (10) After the solution for the current time step is obtained, the computation for the next time step is performed. The heat transfer and £uid £ow is solved using the SIMPLE Algorithm [17] . The convection-diffusion terms are discretized using the power law scheme. To accurately simulate £uid £ow and heat transfer in the liquid layer on the ¢n top and theeffect of surface tension on the condensation, anonuniform grid system is used to discretize the computational domain. After the grid size and the time step test, the problem is solved using a nonuniform grid of 44 x 66 y with a false time step of Dt 10 7 s
R ESULTS AND D ISCUSSION
Numerical simulations are performed for water at the saturation temperature of 373K. The other geometric parameters are: L 1 0 02 mm, W 0 06 mm,
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Y. ZHANG AND A. FAGHRI t g 0 24 mm, t v 0 54 mm, and y 84 . The vapor is assumed to be saturated and therefore there is no heat transfer in the vapor phase. Figures 2a and b show the contour of the VOF of water for temperature differences of DT 5 K and 10 K, respectively. It can be seen that the liquid ¢lm thickness on the ¢n top is very small, and it is therefore expected that heat condensation mainly occurs on the ¢n top surface. Since the distance between most parts of the liquid vapor meniscus and the cold wall is much larger than the ¢lm thickness on the ¢n top, it is expected that, as becomes evident later, the contribution of condensation on the meniscus to the overall heat transfer of the grooved structure is not important. Figure 3 compares the liquid ¢lm thickness obtained by the present numerical solution with the solution of Khrustalev and Faghri [3] , who assumed that the heat transfer across the liquid ¢lm on the ¢n top is because of conduction only. It can be seen that the current results agreed very well with that of Ref. [3] , which suggests convection has little effect on the ¢lm thickness on the ¢n top.
Figures 4a and b show temperature contours for temperature differences of DT 5 K and 10 K, respectively. It can be seen that the temperature gradient across the thin liquid ¢lm on the ¢n top is very large. On the other hand, the temperature gradient at most parts of the meniscus in the ¢n is very small. The different behaviors of the temperature gradient on the ¢n top and the meniscus suggest that condensation occurs mainly on the ¢n top. Figure 5 shows the local heat £ux on the ¢n top and the liquid^vapor meniscus for different temperature differences. It can be seen that local heat £ux at the ¢n top surface is higher than that at the meniscus for two orders of magnitude. The majority of heat is transferred through condensation on the ¢n top surface. This is because the thickness of the liquid ¢lm on 
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the ¢n top surface is much thinner than that in the meniscus. When the temperature difference is increased from 5K to 10K, the local heat £ux at both ¢n top and meniscus is signi¢cantly increased. Figure 6 shows the effect of contact angle, y on the liquid ¢lm thickness on the ¢n top. The liquid ¢lm thickness at the centerline of the ¢n decreases with the increasing contact angle. On the other hand, the liquid ¢lm thickness at the corner of the ¢n increases with the increasing contact angle. In other words, increasing the contact angle causes the liquid ¢lm on the ¢n top to become more £at. The effect of the contact angle on the local heat £ux is shown in Figure 7 . The heat £ux is more uniform when the contact angle is increased from 84 to 88
The effect of surface tension on the liquid ¢lm thickness on the ¢n top for the temperature difference of 10K is shown in Figure. 8. In addition to the result for surface tension at its normal value, s 0 two curves with changed surface tension are also plotted in Figure 8 for comparison. It can be seen that the liquid ¢lm thickness on the ¢n top decreases with increasing surface tension. The reason that ¢lm thickness thins with increasing surface tension is that the condensation phenomenon always tends to minimize the surface energy at the interface. With increasing 
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surface tension, this energy increases. To reduce this energy, the radii of curvature has to be increased and that means liquid ¢lm thickness has to be decreased. Figure 9 shows the local heat £uxes for varying surface tension. The maximum heat £ux is obtained from the case with the highest surface tension because the liquid ¢lm thickness is thinnest for highest surface tension. The effect of the ¢n thickness, L 1 , on the liquid ¢lm thickness of the ¢n top is shown in Figure 10 . The groove width, W , is decreased by the same value as the increase of the ¢n thickness to maintain a constant L 1 W for both cases. In other words, the number of grooves is not changed when the ¢n thickness, L 1 , is increased. As can be seen from Figure 10 , the liquid ¢lm thickness increases signi¢cantly with increasing ¢n thickness. Figure 11 shows the effect of ¢n thickness on the local heat £uxes. It is seen that the local heat £ux is signi¢cantly lower for larger ¢n thickness, because the liquid ¢lm is thicker. The effect of ¢n thickness, however, on the total heat transfer is not as signi¢cant as its effect on the local heat £ux, because the condensation area is larger for thicker ¢ns.
The heat transfer coef¢cient de¢ned by Eq. (34) is a very important parameter for the design of the grooved structure. The effect of the temperature difference on the heat transfer at different contact angles is shown in Figure 12 . It is seen that the heat transfer coef¢cient decreases with the increasing temperature difference for all contact angles. When the contact angle is increased from 84 to 88 the heat transfer coef¢cient is increased for all temperature differences. This increase is more signi¢cant for smaller temperature differences. When the contact angle is increased to 89 , heat transfer at lower temperature differences is increased, but it is decreased for larger temperature differences. To investigate the effect of contact angle on the heat transfer coef¢cient, the variation of heat transfer coef¢cient with contact angle is plotted in Figure 13 . Increasing the contact angle results in an increase of heat transfer coef¢cient until it reaches a maximum value. Then heat transfer decreases when the contact angle increases further.
CONC LUSION
Condensation in a capillary groove has been investigated using the VOF model. Condensation on the ¢n top and meniscus is modeled by using appropriate source terms in continuity, VOF, and energy equations. The results show that convection in liquid has an insigni¢cant effect on the ¢lm thickness on the ¢n top. The majority of the heat is transferred through condensation on the ¢n top surface, because the thickness of the liquid ¢lm on the ¢n top surface is much thinner than that in the meniscus. The liquid ¢lm on the ¢n top becomes £atter and the heat transfer coef¢cient on the ¢n top becomes more uniform when the contact angle is increased. When the surface tension is increased, liquid ¢lm on the ¢n top thins and the local heat £ux on the ¢n top is higher. Increasing the ¢n thickness causes the thickness of the liquid ¢lm to increase signi¢cantly. For all contact angels, heat transfer coef¢cients decrease with increasing temperature difference. There is a contact angle at which the heat transfer coef¢cient is maximum. 
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